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Physics
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A You have many great professors who will do that.
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Matter Particles circa 1930s

. (MeV) —

Proton 038.3 SE, WG 1015m

Neutron 939.6 0 S,W G 1015 m 1/2
n

Electron 0.511 - E,W G <10%m 1/2
e

Neutrino F Mn 0 W, G <10%%m 1/2

N
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Spin = h/2

A In 1920s, two young physicists could
understand their data if the electron was
spinning.

A Wrote a paper.

A Then the big boss came back from sabbatical.

A They tried to pull the paper, but it was already
published.

A The reason the electron has spin 1/2 is so tha
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Gauge Symmetries circa 1970s
SM = SU(33SU(2x U(1)

Force Carrier

Strong Gluon 1
ElectrecMagnetic Photon 1
Weak W 1
Gravity Graviton 2
Mass H 0
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Weak Force

A Free neutron decay halife = 10 minutes. n- pe7

A If earth to sun filled with Pb, most neutrinos would still
get through.
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A Electromagnetic gg 10!8sec
Al 8RN ISYA LI S M VY

A Without the weak interaction, there would be no
energy from the sun, no elements but Big Bang H, He.

A The strength of the weak force determines the lifetime
of the sun.
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Physics

A Binding energy of the deuteron = 2.2 MeV.

A If neutron were 0.1% heaviadeuterionwould
pe radioactive!

A If proton were heavier than the neutron,
nydrogen would be radioactive!

A Physics is exactly what it has to be in order for
us to be here to discover the laws of physics.




Quantum Mechanics

A Developed 191@ 1950 by:
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Al love QM! It is not triviall



Quantum Mechanics

A Electron is described by Schrédinger
wavefunction:w

A QM: Rotate by an anglewy Q w
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A Spin % are matter particles!
A Spin 0, 1, 2 are force particles!
A Very simple, but profound.




Magnetic Moment

A Particle is spinning,
A Particle is charged,
A Spinning charge creates a magnetic field:

A —
A Dirac Equationg = 2 for a spin ¥z point patrticle.
A Proton:g = 5.6, finally explained by quark model.

A Electron:g= 2.0

A Oppenheimer et al. calculated the first order
correction to 2 to be infinity.



Spin ¥ Particles
Three Generations!
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William Morse- BNL 11



More Symmetries

A C symmetng changes particle to anparticle.
A P symmetnc changes<to ¢x.

AT symmetryc changed to ct.

A Good symmetries for strong, EM, gravity.

A Discovered in 1956 60s: P, T, C are broken
symmetries In the weak interaction.
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Theory 1970s

A In SM we can only get this if there are three, or
more, ways for a given reaction to go, and get
QM interference with the three amplitudes, with
at least one imaginary amplitude.

A Need at least three generations.

A In the big bang all the neneutrino
particles/antiparticles should have finally
annihilated to photons.

A Due to symmetry breaking, p/photdn -



a=—=0.0011

A 1948 1.1. Rabi, Conference at Shelter Island.

A Schwinger et al.,

A Quantum Electrodynamics (QED).
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QED Renormalization

A Renormalizationis a collection of techniques guantum field
theory, the statistical mechanicef fields, and the theory cdelf
similargeometric structures, that are used to treafinities aris arising
In calculated guantities by alterlng values of these guantities to
compensate for effects of theself-interactions.

A For example, aglectrontheory may begin by postulating an
electron with an initial mass and charge gmantum field theorya
cloud ofvirtual particles such agphotons positrons and others
surrounds and interacts with the initial electron. Accounting for the
Interactions of the surrounding particles (e.g. collisions at different
energies) shows that the electresystem behaves as if it had a
different mass and charge than initially postulated.
Renormalization, in this example, mathematically replaces the
Initially postulated mass and charge of an electron with the
experimentally observed mass and charge.



https://en.wikipedia.org/wiki/Quantum_field_theory
https://en.wikipedia.org/wiki/Statistical_mechanics
https://en.wikipedia.org/wiki/Self-similarity
https://en.wikipedia.org/wiki/Infinity
https://en.wikipedia.org/wiki/Electron
https://en.wikipedia.org/wiki/Quantum_field_theory
https://en.wikipedia.org/wiki/Virtual_particle
https://en.wikipedia.org/wiki/Photon
https://en.wikipedia.org/wiki/Positron

Quantum Mechanics

A Anomalous magnetic moment is due to QM.
A The energy of the vacuum classically is zero.
A QM:dExdt=h

A The problem with zero is that it has no
uncertainty.



Quantum Electrodynamics
Not Boring!
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A GR has cosmological constant.

A Einstein at first had static universiy
A Chose value of to stop the universe from
collapsing.

A Then Hubble et al. found that the universe
was expanding!

A No need for cosmological constant.
AQAYAUGSAYY a. A33Sa0 of
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A Theorists calculated QM of the vacuum in
1960sy p 1T .

A Steve Weinberg: need < 2 for us to exist.
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A aka cosmological constant.
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Quantum Mechanics

A All particles exist in the vacuum.

A All particles contribute to the anomalous
magnetic moment.

A Are there new particles beyond the SM?
A Are there new symmetries?

A E821 measure anomalous magnetic moment
to 0.5 parts per million (ppm).

A Theorists: calculate to 0.5ppm. Compare.



BNL E821 Experiment

A Accelerate protons through tillion volts3
A Electrical outlet = 11.

A Energy < thillion'Q ' OQ)8

A Protons hit target.

AO aw

A Convert energy into mass

A0 0 ©° muons, antimuons, electrons, anti
SfSOuNEYaEgb&riQd) a A

AMuond T TTIOQ.W
A Beamline selects particles.



Spin Precession

spinning top
G

' magnetic moment
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Magnet at BNL
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0 QO

A Weak decay.

A The high energy positrons go preferentially in
the direction of the muon spin.

A Just measure the high energy positrons.




High Energy Positrons vs. Decay Tim
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BNL EB21
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* The last a, experiment ended at
BNL in 2001

« 3o discrepancy with the theoretical
expectation

« Goal of FNAL g-2 is to reduce the
experimental error by a factor of 4

Theoretical
evaluations

Last experimental
result from BNL
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A Probability Q
A Toss a coin 100 times.
A How many heads@ v B

A, Jum
(0|1 ]2]3]4
50 43 36 29 21
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Prob.

1.E-01

1.E-02
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Probability Q

sigma
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FNAL

A FNAL is a National Lab,

A 1 hour west of Chicago, IL.

At KS&@ gSNBE 2y 0(0KS aSy¢
A Center of mass energy 2 TeV.

A CERN in Geneva, Switzerland, LHC 13 TeV.

A FNAL went from the energy frontier to the
Intensity frontier.

A ¢ ™ more muons. Move the magnet to FNAL.



Move from BNL to FNAL
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Smith Point Marina
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Around FL, and up Miss. River
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